Overactivated hepatic gluconeogenesis contributes to the pathogenesis of metabolic disorders, including type 2 diabetes. Precise control of hepatic gluconeogenesis is thus critical for maintaining whole-body metabolic homeostasis. Long noncoding RNAs (lncRNAs) have been shown to play key roles in diseases by regulating diverse biological processes, but the function of lncRNAs in maintaining normal physiology, particularly glucose homeostasis in the liver, remains largely unexplored. We identified a novel liver-enriched long non-coding RNA, Gm10768, and examined its expression patterns under pathophysiological conditions. We further adopted gain-and loss-offunction strategies to explore the effect of Gm10768 on hepatic glucose metabolism and the possible molecular mechanism involved. Our results showed that the expression of Gm10768 was significantly increased in the liver of fasted mice and was induced by gluconeogenic hormonal stimuli. Functionally, overexpression of Gm10768 activated hepatic gluconeogenesis in a cell-autonomous manner. In contrast, depletion of Gm10768 suppressed hepatic glucose production both in vitro and in vivo. Adenovirus-mediated hepatic knockdown of Gm10768 improved glucose tolerance and hyperglycemia of diabetic db/db mice. Mechanistically, Gm10768 sequestrated microRNA-214 (miR-214) to relieve its suppression on activating transcription factor 4 (ATF4), a positive regulator of hepatic gluconeogenesis. Taken together, we identified Gm10768 as a new lncRNA activating hepatic gluconeogenesis through antagonizing miR-214 in mice.
Overactivated hepatic gluconeogenesis contributes to the pathogenesis of metabolic disorders, including type 2 diabetes. Precise control of hepatic gluconeogenesis is thus critical for maintaining whole-body metabolic homeostasis. Long noncoding RNAs (lncRNAs) have been shown to play key roles in diseases by regulating diverse biological processes, but the function of lncRNAs in maintaining normal physiology, particularly glucose homeostasis in the liver, remains largely unexplored. We identified a novel liver-enriched long non-coding RNA, Gm10768, and examined its expression patterns under pathophysiological conditions. We further adopted gain-and loss-offunction strategies to explore the effect of Gm10768 on hepatic glucose metabolism and the possible molecular mechanism involved. Our results showed that the expression of Gm10768 was significantly increased in the liver of fasted mice and was induced by gluconeogenic hormonal stimuli. Functionally, overexpression of Gm10768 activated hepatic gluconeogenesis in a cell-autonomous manner. In contrast, depletion of Gm10768 suppressed hepatic glucose production both in vitro and in vivo. Adenovirus-mediated hepatic knockdown of Gm10768 improved glucose tolerance and hyperglycemia of diabetic db/db mice. Mechanistically, Gm10768 sequestrated microRNA-214 (miR-214) to relieve its suppression on activating transcription factor 4 (ATF4), a positive regulator of hepatic gluconeogenesis. Taken together, we identified Gm10768 as a new lncRNA activating hepatic gluconeogenesis through antagonizing miR-214 in mice.
As a central metabolic organ, the liver plays a critical role in maintaining glucose homeostasis. When nutrients are sufficiently available, the liver increases glucose uptake and glycogen synthesis (1) . During fasting, hepatic gluconeogenesis is triggered to keep normal blood glucose levels. Under pathological conditions, hepatic gluconeogenesis is abnormally overactivated, which results in hyperglycemia and contributes importantly to the pathogenesis of various metabolic disorders, such as type 2 diabetes (T2D) 4 (2, 3) . Previous studies have demonstrated that hepatic gluconeogenesis, rather than glycogenolysis, is increased in patients with T2D (2) . Hepatic gluconeogenesis is largely controlled through key rate-limiting enzymes in the gluconeogenic pathway, specifically phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase) (4) . Therefore, exploring new regulatory factors of gluconeogenic enzymes to inhibit overactivated hepatic gluconeogenesis is a feasible therapeutic strategy to treat T2D.
Long non-coding RNAs (lncRNAs) are transcripts larger than 200 nt in length and have no coding potential (5) . Although historically misunderstood as junk transcripts, lncRNAs have now been realized to play key roles in disease occurrence through regulating diverse biological processes (6, 7) . Recently, studies suggest that lncRNAs may serve as critical regulators of glucose homeostasis in human diseases such as diabetes (8, 9) . For example, lncRNA Meg3 overexpression increases hepatic glucose production. In contrast, liver-specific knockdown of Meg3 reverses the impairment of glucose home-ostasis in diabetic mice (10) . Another lncRNA, lncLGR, which is induced by fasting, has been shown to suppress glucokinase expression and glycogen storage by binding to heterogeneous nuclear ribonucleoprotein L (11) . In general, the physiological function of lncRNAs in maintaining glucose homeostasis in liver remains largely unexplored.
In this study, we characterized a long non-coding RNA, Gm10768, as a positive regulator involved in hepatic gluconeogenesis both in vitro and in vivo. Adenovirus-mediated knockdown of Gm10768 in the liver improved hyperglycemia and insulin resistance in diabetic db/db mice. Mechanistically, Gm10768 sequestered miR-214 and recovered the expression and function of activating transcription factor 4 (ATF4), which is a miR-214 target gene and is an activator of hepatic gluconeogenesis.
Results

Identification of Gm10768 as an inducible lncRNA during hepatic gluconeogenesis
To identify lncRNAs potentially involved in hepatic gluconeogenesis, we compared the expression levels of lncRNAs in the liver of mice under fasting-refeeding cycles using highthroughput RNA sequencing. An average of 67.6 million highquality, paired-end sequencing reads was obtained from each sample (range: 65.5-69.8 million). Thus, an average of 95.3% in the total reads (range: 94.8 -95.5%) could be mapped to the mouse genome, of which 89.2% reads (range: 88.9 -89.4%) could be aligned to proper pairs. As a result, a total of 59,892 genes (25,732 protein-coding transcripts and 34,160 annotated lncRNAs) with sufficiently high expression levels were identified (summarized reads information was shown in Table S1 ). Specifically, we found that there were 1320 lncRNAs with induction folds of Ͼ3 in response to a 16-h fasting (Table S2) . We next performed a cluster analysis by setting another two criteria to further screen these lncRNAs: annotation as authentic lncRNAs in GenBank TM and relatively high abundance in the mouse liver (counting reads Ͼ500). Our results showed that four lncRNAs, namely Gm15441, 4833411C07Rik, Gm10768, and 4931408D14Rik, met all the given criteria ( Fig. 1A ). To confirm these results, an independent reverse transcriptionquantitative PCR (RT-qPCR) assay was performed, and the results were consistent with RNA-sequence analysis (Fig. 1B) . We further validated these lncRNAs in the liver of diabetic db/db mice with overactivated hepatic gluconeogenesis and found that only two lncRNAs (4833411C07Rik and Gm10768) were increased (Fig. 1C ). Finally, we used gain-and loss-offunction methods in vitro to screen out functional lncRNAs affecting gluconeogenesis. Our data indicated that Gm10768, but not 4833411C07Rik, was positively correlated with the glucose production in mouse primary hepatocytes ( Fig. 1 , D-G). These findings helped us to quickly narrow down our research target and select Gm10768 as a promising regulator involved in hepatic gluconeogenesis.
Gluconeogenic signals induce hepatic Gm10768 expression
Gm10768 is a predicted gene deposited in the GenBank TM with an accession number of NR_033472. It is an intergenic lncRNA located on chromosome 19qc3 in the mouse genome ( Fig. S1A ). Although Gm10768 is a gene highly expressed in the mouse carotid body (12) , its physiological function remains largely unknown. According to the overlapping region identified by rapid amplification of cDNA ends (RACE) analysis, we spliced 5Ј-end (1009 bp) and 3Ј-end (418 bp) sequences forming the full-length cDNA (3470 bp) of Gm10768 (Figs. S1B and S2). We performed two widely employed algorithms to analyze the protein-coding potential of Gm10768, and the results indicated that the coding potential of Gm10768 was very low (Fig.  S3A ). Furthermore, a Gm10768 expression vector failed to produce any protein product when using an in vitro transcription/ translation assay ( Fig. S3B ).
As shown in Fig. 2A , RT-qPCR analysis indicated that Gm10768 was specifically enriched in the liver, although it was ubiquitously expressed in all examined tissues. In addition, Gm10768 was distributed both in the cytosol and nuclei, with a moderate abundance in the nuclear compartment ( Fig. 2B ). Next, we performed in vitro experiments and treated mouse primary hepatocytes with forskolin (FSK) or hydrocortisone (HCS) to mimic hepatic gluconeogenesis, and we found that Gm10768 was induced in a time-dependent manner upon these treatments ( Fig. 2C ).
Overexpression of Gm10768 activates hepatic gluconeogenesis
In our preliminary study, Gm10768 has already been shown to functionally increase the glucose production in mouse primary hepatocytes (Fig. 1E ). It is therefore interesting to investigate the causal relationship between Gm10768 and hepatic gluconeogenesis. Overexpression of Gm10768 remarkably increased the mRNA expression levels of Pepck and G6pase in mouse primary hepatocytes ( Fig. 3A) , whereas the lipogenic genes such as acetyl-CoA carboxylase 1 (Acc1) and fatty-acid synthase (Fasn) remained unchanged, suggesting that the impact of Gm10768 is specific to the regulation of gluconeogenesis and is not a general disturbance of the hepatic metabolism. Consistently, protein levels of PEPCK and G6Pase were also up-regulated ( Fig. 3B) .
In vivo studies indicated that the expression of Gm10768 was elevated to 4.3-fold in the liver of mice injected with recombinant adenoviruses expressing Gm10768 (Fig. 4A ). Gm10768 overexpression in vivo did not markedly affect the body weight, food intake, or liver weight ( Fig. S4A ), nor the liver damage biomarkers, including alanine aminotransferase (ALT) and aspartate aminotransaminase (AST) ( Table 1) . Interestingly, these mice showed a moderate increase in the serum levels of glucose and insulin both under fed and fasted conditions as compared with the control mice (Table 1 ). Glucose tolerance test (GTT), insulin tolerance test (ITT), and pyruvate tolerance test (PTT) indicated that forced expression of Gm10768 in mice exhibited an impairment of glucose disposal, insulin sensitivity, and pyruvate tolerance ( Fig. 4, B-D) . At the molecular level, a significant increase in the expression levels of PEPCK and G6Pase was observed ( Fig. 4 , E and F), whereas the mRNA levels of Acc1 and Fasn did not show any change in Ad-Gm10768infected mice (Fig. 4E ).
Knockdown of Gm10768 suppresses hepatic gluconeogenesis
In accordance with the results shown in Fig. 1G , knockdown of Gm10768 led to a remarkable decrease in the mRNA and protein expression levels of PEPCK and G6Pase, whereas left the lipogenic gene Acc1 and Fasn unchanged ( Fig. 5, A and B) .
We then specifically knocked down Gm10768 expression in the liver of normal C57BL/6J mice. Tail-vein injection of adenoviruses encoding the short hairpin RNA (shRNA) against Gm10768 (Ad-Gm10768 shRNA) suppressed Gm10768 expression levels by more than 50% in the mouse liver when compared with control adenoviruses (Ad-Scramble shRNA) ( Fig. 6A ). No significant difference was observed in the body weight, food intake, liver weight, and serum levels of ALT and AST between these two groups of mice ( Table 2 and Fig. S4B ). Of note, serum levels of glucose and insulin were significantly reduced in mice with liver-specific Gm10768 knockdown, both 
Gm10768 activates hepatic gluconeogenesis through miR-214
under fed and fasted conditions ( Table 2 ). These mice also showed improved glucose and insulin tolerance ( Fig. 6 , B and C). Consistently, Gm10768 knockdown inhibited de novo hepatic synthesis of glucose (Fig. 6D ). The mRNA and protein expression levels of gluconeogenic genes (Pepck and G6pase), but not lipogenic genes (Acc1 and Fasn), were consistently decreased ( Fig. 6 , E and F).
Liver-specific knockdown of Gm10768 relieves hyperglycemia in diabetic db/db mice
We further evaluated the effects of Gm10768 on hyperglycemia in a pathophysiological setting by using diabetic db/db mice. The RT-qPCR results indicated that tail-vein injection of Ad-Gm10768 shRNA could effectively silence the expression of endogenous Gm10768 in the liver of db/db mice ( Fig. 7A ). Loss of Gm10768 function did not significantly affect body weight, food intake, liver weight, and ALT/AST, when compared with control db/db mice (infected with Ad-Scramble shRNA) ( Table  3 and Fig. S4C ). However, serological analyses indicated that serum levels of glucose and insulin were reduced in response to Gm10768 knockdown both under fed and fasted conditions (Table 3 ). Gm10768 knockdown also relieved glucose intolerance and insulin resistance in these animals ( Fig. 7 , B-D). Accordingly, the hepatic expression levels of PEPCK 
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and G6Pase were suppressed by Gm10768 knockdown (Fig.  7 , E and F).
Gm10768 activates hepatic gluconeogenesis through sequestering miR-214
Previous studies indicate that lncRNAs can regulate genes in cis that are positioned in the vicinity of their transcription sites in nuclei. However, we found that Gm10768 overexpression did not alter the expression levels of its upstream gene Abcc2 (ATPbinding cassette, sub-family C) ( Fig. S5A ), suggesting that Gm10768 may also function in the cytosol. To precisely examine the subcellular localization of Gm10768 in response to gluconeogenic stimuli, we performed fluorescence in situ hybridization (FISH) analysis in mouse primary hepatocytes treated with FSK. As shown in Fig. 8A , FSK increased the contents of Gm10768 both in nuclei and in cytosol (as evidenced by stronger red signals), and the cytosolic Gm10768 was more robustly up-regulated. RT-qPCR analysis in subcellular fractions isolated from FSK-treated mouse hepatocytes and fasted mouse liver samples showed similar trends (Fig. 8, B and C).
Given that lncRNAs are able to sequester microRNAs (miR-NAs), modulating their expression and biological functions (13, 14) , we hypothesized that Gm10768 may exert its effects via binding to miRNAs targeting hepatic gluconeogenesis. We then analyzed the expression levels of several miRNAs, which were already known as gluconeogenic regulators (15) (16) (17) (18) (19) (20) (21) , in mouse hepatocytes infected by Ad-Gm10768 to screen the potential target of Gm10768. Among all these miRNAs, only miR-214 and miR-22 were significantly decreased in response to Gm10768 overexpression ( Fig. 8D and Fig. S5B ). Therefore, we focused on these two miRNAs in our following study. Data are presented as mean Ϯ S.D.
Ad-GFP Ad-Gm10768
Fed 
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Bioinformatics analysis of miRNA recognition sequences using RNA hybrid (https://bibiserv.cebitec.uni-bielefeld.de/ rnahybrid/) 5 (33) indicated that two high-affinity binding sites of miR-22 and miR-214 were presented in Gm10768 cDNA ( Fig. 8E and Fig. S5C ). To verify true functional binding between Gm10768 and its target miRNAs, we respectively constructed two luciferase reporter plasmids by inserting the sequence of Gm10768 containing the above predicted binding sites targeting miR-22 or miR-214 into psiCHECK-2 vector. Reporter gene assays revealed that transfection of miR-214 mimics into mouse hepatocytes markedly inhibited the activity of the luciferase reporter harboring the Gm10768 sequence with miR-214 -binding sites (Fig. 8 , E and F), whereas miR-22 mimics did not showed any apparent effect on its corresponding vector (Fig. S5D ). To further confirm the importance of miR-214 -binding sites on Gm10768, we mutated these regions to non-functional sequences (disruption of the complementary base-pairing) (Fig. 8, E and F) . As expected, mutations almost completely abolished the repressive effect of miR-214 mimics (Fig. 8F) , indicating that these binding sites are essential for the function of miR-214. Besides, RT-qPCR analysis indicated that miR-214 was significantly decreased in the livers of 16-h fasted mice and db/db mice (Fig. 8, G and H) .
To dissect the physiological significance of interaction between Gm10768 and miR-214, we transduced miR-214 mimics into mouse hepatocytes along with different doses of Ad-Gm10768. Functional studies indicated that miR-214-inhibited glucose production in these cells was recovered by Ad-Gm10768 in a dose-dependent manner ( Fig. 8I and Fig.  S5G) . At the molecular level, Ad-Gm10768 relieved miR-214-induced suppression of gluconeogenic gene expression ( Fig. 8, J  and K) . Conversely, to investigate whether miR-214 reverses Gm10768's effects, thus forming a negative feedback loop between Gm10768 and miR-214, we transfected miR-214 mimics into Gm10768-overexpressed mouse primary hepatocytes and found that miR-214 dose-dependently attenuated the stimulative effect of Gm10768 on glucose production (Fig.  S5, H and I) .
miR-214 -ATF4 axis mediates the activation of hepatic gluconeogenesis by Gm10768
miRNAs are initially transcribed as long primary transcripts, which are then processed into ϳ65-nt hairpin-shaped precursor miRNAs by the "Microprocessor" complex. Because Gm10768 reduces miR-214 levels, we want to explore the effects of Gm10768 on the different stages during miR-214 formation. First, we examined the transcription levels of pri-miR-214 in mouse primary hepatocytes by RT-qPCR analysis, and we found that they were not influenced by Gm10768 overexpression (Fig. S5E ), suggesting that the regulation of miR-214 by Gm10768 does not occur at the transcriptional level. Second, we transfected a pcDNA 3.1 vector expressing pri-miR-214 into mouse primary hepatocytes for 12 h and then infected these cells with adenoviruses expressing Gm10768 or GFP for 36 h. As shown in Fig. S5F , overexpression of pri-miR-214 remarkably increased the expression levels of pre-miR-214, and this process was not affected by Gm10768 overexpression. Based on these findings, we conclude that Gm10768 does not affect both the transcription and maturation of miR-214. Instead, Gm10768 possibly attenuates the function of miR-214.
Previous studies have indicated that miR-214 acts as a gluconeogenic suppressor by down-regulating ATF4 (18, 22) . There- 
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fore, it is of particular interest to evaluate the physiological significance of interaction between Gm10768 and miR-214 on the expression of ATF4. As shown in Fig. 9, A and B , the hepatic mRNA expression of Atf4 was significantly increased in the liver of mice subjected to 16 h fasting and of db/db mice. Additionally, overexpression of Gm10768 further increased the Atf4 mRNA expression ( Fig. 9C ). To explore whether Gm10768 antagonizes the inhibitory effect of miR-214 on the activity of the Atf4 3Ј-UTR region, we constructed a luciferase reporter vector containing this region with miR-214 -binding sites (Fig.  9D) (23) . As shown in Fig. 9E , luciferase reporter assays indicated that transfection of miR-214 mimics indeed suppressed the activity of the Atf4 3Ј-UTR region by 34%, whereas overexpression of Gm10768 partially restored it by 14%. However, mutation of the miR-214 -binding sites in Gm10768 led to a failure of Gm10768-induced restoration. To further confirm the importance of miR-214 targeting sites in mediating the effect of Gm10768, we mutated these regions to non-functional sequences (Fig. 9D ). Our findings showed that the mutations of these regions abolished the actions of both miR-214 and Gm10768 (Fig. 9E ). Furthermore, the mRNA and protein expression levels of ATF4 were significantly decreased upon transfection of miR-214 mimics and were recovered in response to Gm10768 overexpression (Fig. 9, F and G) . It should be noted that ATF4 is an ER stress-responsive gene, and 
ER stress is tightly linked to gluconeogenesis. We thus examined the regulation of Atf4 by Gm10768 during tunicamycin (TM)-induced ER stress. As expected, TM significantly induced the mRNA expression levels of Atf4 to ϳ5-fold, whereas adenoviral shRNA-mediated knockdown of Gm10768 antagonized the effect of TM and decreased Atf4 expression by 30% (Fig.  S5J) . These results suggested that Gm10768 positively regulates ATF4 in a universal manner.
Discussion
It is generally accepted that aberrant regulation of hepatic gluconeogenesis contributes to hyperglycemia observed in patients with T2D. Therefore, exploring the metabolic regulators participating in hepatic gluconeogenesis might help us to better understand the pathogenesis of T2D. In this study, we showed that the expression levels of Gm10768 were increased in the liver of fasted and db/db mice, suggesting that Gm10768 might contribute to the disruption of glucose homeostasis. We next adopted gain-and loss-of-function strategies in vitro and in vivo to unmask the impact of Gm10768 on hepatic gluconeogenesis and confirmed the positive role of Gm10768 in the regulation of this metabolic process. We finally explored the underlying mechanisms by which the Gm10768 conferred its functions.
In recent years, a growing number of lncRNAs have been identified at an unprecedented pace, and their physiological significance received a remarkable level of attention (7) (8) (9) . A striking characteristic of lncRNAs is that they are expressed in a 
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more tissue-specific fashion than protein-coding RNAs (6) . As a key metabolic organ, liver plays an important role in the maintenance of metabolic homeostasis, but the regulation of liver metabolism by lncRNAs has so far been poorly addressed. One of the well-studied lncRNAs enriched in the liver with a role in triglyceride regulation was lncLSTR (24) . Similar to lncLSTR, we found Gm10768 was specifically enriched in the liver. The abundance of Gm10768 in the small intestine and kidney was also relatively high. Given that gluconeogenesis occurs dominantly in the liver, but also takes place in the small intestine and kidney, Gm10768 may consistently function in all these tissues to trigger gluconeogenesis. Hepatic glucose production is regulated by nutritional and hormonal signals (1). Among these signals, fasting is one of the most potent stimuli to trigger gluconeogenesis. The expression level of Gm10768 was sensitively increased in the mouse liver 
during fasting. Gm10768 was also robustly induced by gluconeogenic hormones in hepatocytes, consistent with the notion that expression of lncRNAs is stringently governed by nutritional signals to meet the metabolic needs of the animals. These findings also strongly suggest that Gm10768 might be able to promote gluconeogenesis. Indeed, overexpression or knockdown of Gm10768 by adenoviruses disturbs hepatic glucose production. As known, dysregulation of hepatic gluconeogenesis has been implicated in the pathogenesis of metabolic disorders, such as hyperglycemia. We showed that Gm10768 was markedly increased in the liver of the diabetic animal model. Liver-specific inhibition of endogenous Gm10768 improved glucose tolerance and insulin sensitivity, indicating that manipulating Gm10768 may provide an additional choice for diabetes treatment.
The mechanism of most lncRNAs is still far from being understood. Current evidence indicates that lncRNAs localize in the nuclei, cytosol, or both. The functions of lncRNAs are in general associated with their subcellular localization. In cytosol, lncRNAs are believed to competitively bind to their target miRNAs, thus exerting their functions via promoting or decreasing miRNA expression levels. In contrast, nuclear lncRNAs can act as transcriptional coactivators, repressors, or regulators of chromatin structures via cis and/or trans mechanisms (6) . For cis-acting lncRNAs, their regulatory functions are restricted within nearby genes on the same chromosome, whereas trans-acting lncRNAs can either activate or repress gene transcription at independent loci. In our study, Gm10768 was distributed both in cytosol and in nuclei. Of note, the Gm10768 transcription site is very close to its upstream gene Figure 9 . miR-214 -ATF4 axis mediates the activation of hepatic gluconeogenesis by Gm10768. A, RT-qPCR analysis of Atf4 mRNA in the liver of mice (n ϭ 5 per group) subjected to fasting/refeeding cycles. **, p Ͻ 0.01, one-way ANOVA analysis. B, RT-qPCR analysis of Atf4 mRNA in the liver from WT or db/db mice (n ϭ 5 per group). **, p Ͻ 0.01 versus WT, unpaired t test. C, RNA expression levels of Atf4 in mouse primary hepatocytes infected with adenoviruses expressing GFP or Gm10768 for 48 h. **, p Ͻ 0.01 versus Ad-GFP, unpaired t tests. D, graphical representation of the miR-214 -binding sites in Atf4 3Ј-UTR region. The original sequences (marked in blue) were mutated to non-functional sequences (marked in red). UTR, untranslated region. E, reporter gene assays in HEK293T cells transfected with miR-214 mimics or with control mimics, together with plasmids encoding Gm10768 and Atf4 3Ј UTR region (WT), or their respective mutations for 48 h. **, p Ͻ 0.01 versus control mimics. ##, p Ͻ 0.01 versus miR-214 mimics, unpaired t tests. N.S., no significance. F and G, RT-qPCR and Western blot analyses of ATF4 expression in vitro. Mouse primary hepatocytes were infected by different doses of adenoviruses expressing GFP or Gm10768 for 12 h and then transfected with miR-214 mimics or control mimics for another 36 h. **, p Ͻ 0.01, one-way ANOVA analysis. Cells were isolated from six mice to perform one batch of experiments, and three batches of experiments were performed. Data were presented as mean Ϯ S.D. Error bars represent the S.D. from the mean of three independent experiments.
Abcc2, suggesting that Gm10768 may serve as a cis-acting lncRNA. However, no change in Abcc2 expression was found in response to Gm10768 overexpression. Thus, the possibility that Gm10768 is a cis-acting lncRNA can be excluded. Further investigation is required to elucidate whether Gm10768 functions in a trans manner.
Various miRNAs actively regulate hepatic gluconeogenesis (25) . For example, miR-29a-c decreases hepatic glucose production in primary hepatocytes, and adenovirus-mediated overexpression of miR-29a-c in the liver improves glucose tolerance and insulin resistance of both db/db diabetic and dietinduced obese mice (17) . Furthermore, miR-802, miR-214, miR-23a, miR-22, miR-378, and miR-451a have substantial effects on hepatic glucose production (15, 16, 18 -21) . Specifically, the expression levels of miR-214 were suppressed in the starvation or in diabetic conditions (18) , and Gm10768 expression levels were elevated in these two settings. Thus, Gm10768 and miR-214 are negatively correlated and show an inverse expression pattern in the mouse liver. Indeed, overexpression of Gm10768 inhibited the expression levels of miR-214. Therefore, we hypothesized that Gm10768 may function by targeting miR-214. Coinciding with our hypothesis, forced expression of miR-214 significantly suppressed glucose production in mouse primary hepatocytes, and Gm10768 abrogated the negative effect of miR-214 on glucose production and gluconeogenic gene expression. These findings confirmed our hypothesis and suggested that Gm10768 interacts with miR-214 in the regulation of hepatic gluconeogenesis. In contrast, lncRNA can indirectly enhance downstream protein expression by sequestering miRNAs in the cytosol (14) . Here, we showed that the cytosolic fraction of Gm10768 was increased in response to nutrient signals. However, we still do not know whether the translocation of Gm10768 from nuclei to cytosol is required for the regulation of miR-214, because the abundance of Gm17608 was increased in both compartments in our system. To thoroughly answer this question, further experiments should be performed to address the following two concerns. 1) Which part of Gm10768 is responsible for its translocation? 2) How to avoid unpredictable dysfunction of Gm10768 when artificially manipulating this part?
Previous studies have demonstrated miR-214 regulates hepatic gluconeogenesis by inhibiting ATF4 (18) . ATF4 is a positive regulator involved in hepatic gluconeogenesis, and glucose production rate was significantly reduced in the liver of ATF4 Ϫ /Ϫ mice (26 -28) . Considering the negative relationship between miR-214 and ATF4, inhibition of miR-214 by Gm10768 may help to relieve the detainment of ATF4, thus accelerating the gluconeogenic process. We found that overexpression of miR-214 results in a significant decrease of ATF4 expression, whereas forced expression of Gm10768 rescued ATF4 expression in the presence of miR-214 in mouse primary hepatocytes. Thus, relieving ATF4 from miR-214's suppression may be one of the critical steps in Gm10768-orchestrated hepatic gluconeogenesis.
In summary, we identified Gm10768 as a new lncRNA actively regulating mouse hepatic gluconeogenesis. The positive effects of Gm10768 on gluconeogenesis are achieved at least partially through inhibiting miR-214. Although Gm10768 is only found in mice and Drosophila, our findings will shed some light on the further understanding of lncRNAs' regulation in metabolic processes.
Experimental procedures
Animal experiments
All the animal experiments conformed to guidelines for the Care and Use of Animals published by Institutional Animal Ethical Committee. The 6 -8-week-old C57BL/6J and db/db mice were purchased from the Model Animal Research Center of Nanjing University (Nanjing, China) and maintained on a 12-h light/dark cycle with free access to food and water. For the fasting experiment, animals were fed with the standard chow ad libitum or fasted for 16 h or a 16-h fasting followed by 8-h refeeding. For Gm10768 overexpression in vivo, the full-length cDNA encoding mouse Gm10768 was cloned into an adenoviral vector. For long-term gene silencing, an oligonucleotide containing the number 2 siRNA sequence targeting Gm10768 was constructed into the adenoviral vector to endogenously express shRNA. The adenoviruses used for the overexpression (Ad-Gm10768) or knockdown (Ad-Gm10768 shRNA) of Gm10768 were amplified in HEK293A cells (ATCC) and subsequently purified by CsCl gradient centrifugation. Adenoviruses expressing green fluorescent proteins (Ad-GFP) and scramble shRNAs were used as controls. Mice were injected intravenously through the tail vein with adenoviruses at a dose of 1 ϫ 10 9 plaque-forming units (PFU) per mouse. After 4 -8 days, animal experiments were performed, and serum and liver samples were collected for further analyses.
Primary hepatocyte culture and treatments
Primary hepatocytes were isolated from 6-to 8-week-old C57BL/6J mice by collagenase perfusion and maintained with DMEM/F-12 medium (Gibco) in six-well plates as described previously (29) . To investigate the effects of gluconeogenic signals on Gm10768 expression, primary hepatocytes were treated with 10 M FSK (Sigma) or 1 M HCS (Sigma) for 3-24 h, respectively. For overexpression experiments, primary hepatocytes were infected with adenoviruses encoding the full-length of mouse Gm10768 or 4833411C07Rik cDNAs (HANBIO, Shanghai, China). However, to knock down endogenous lncRNA expression, two siRNAs targeting either Gm10768 or 4833411C07Rik (Thermo Fisher Scientific, Waltham, MA) were designed, synthesized, and transfected into primary mouse hepatocytes individually, to avoid an off-target effect. For miRNA overexpression experiments, primary hepatocytes were transfected with miR-214 or miR-22 mimics (Thermo Fisher Scientific) at the indicated concentrations. Cells treated with mock adenoviruses or scramble siRNA served as controls. Primers for Gm10768 and pri-miR-214 full-length amplification, and sequences of siRNA oligonucleotides are listed in Table S3 .
Glucose production assay
Mouse primary hepatocytes were incubated in glucosefree DMEM supplemented with 20 mM lactate and 2 mM pyruvate after washing twice with PBS. After 6 h of incuba-
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tion, the culture medium was collected, and the glucose concentration was measured using a glucose assay kit (GAGO-20, Sigma). The values were then normalized to the total protein levels.
RACE
5Ј-and 3Ј-RACE were performed using a SMARTer RACE kit (Clontech) according to the manufacturer's instructions. The resulting PCR products were separated on a 1% agarose gel and cloned into a pMD-19T vector. The transcription start and end sites of Gm10768 were determined by sequencing. The gene-specific primers used for 5Ј-and 3Ј-RACE are provided in Table S2 .
Subcellular fractionation
Nuclear and cytoplasmic fractions of 10 7 primary hepatocytes or 75-mg liver tissues were partitioned as described previously (30, 31) . In brief, cells or liver homogenates were collected and lysed for 10 min in 500 l of ice-cold cell fractionation buffer from the PARIS kit (Thermo Fisher Scientific). Samples were centrifuged at 500 ϫ g for 5 min, and then the cytoplasmic lysate was carefully aspirated away from the nuclear pellets. RNA extraction, reverse transcription, and RT-qPCR were performed as described above. 45S rRNA and 12S rRNA were used as markers of nuclei and cytosol, respectively.
GTT, ITT, and PTT
For GTT, mice fasted for 6 h were injected intraperitoneally with D-glucose at a dose of 2 g/kg. The dose of glucose used for GTT assays performed in db/db mice was decreased to 1 g/kg per mouse. For PTT, mice fasted overnight were injected intraperitoneally with pyruvate at a dose of 2 g/kg. For ITT, mice were injected with insulin intraperitoneally at a dose of 0.75 units/kg after 6 h of fasting. The dose of insulin used for ITT assays performed in db/db mice was increased to 2 units/kg per mouse. Blood glucose levels were measured at the indicated times after injection using a glucometer (Roche Applied Science, Basel, Switzerland).
Blood biochemical analysis
The serum insulin levels were measured by a commercial ELISA kit (Millipore, Billerica, MA). Serum concentrations of ALT and AST were measured using an automated Monarch device (Nanjing Maternal and Child Health Hospital, Nanjing, China).
Gene expression and Western blot analyses
Total RNA of cells or tissues were extracted using TRIzol reagent (Invitrogen), according to the manufacturer's protocol. Normalized RNA was reverse-transcribed using a high-capacity cDNA kit (Takara, Tokyo, Japan), and the expression levels of genes were analyzed by RT-qPCR using the SYBR Green method (Life Technologies, Inc.). For lncRNAs and mRNAs, 36B4 was taken as the internal control. Specific primers used for RT-qPCR are shown in Table S3 . Melting curve analysis was used to validate the primers and is provided in Fig. S6 . Relative expression levels of miRNAs were quantified using commercial miRNA probes (TaqMan, Applied Biosystems, Foster City, CA) and normalized to snRNA U6. Relative fold changes of mRNA or miRNA were further calculated using the 2 Ϫ⌬⌬Ctt method.
For protein analysis, cell and tissue samples were lysed in RIPA buffer containing protease inhibitors (Beyotime, Beijing, China). Protein concentration was determined with a BCA protein assay kit (Thermo Fisher Scientific, Rockford, IL). Equal amounts of protein were loaded and separated by SDS-PAGE and then transferred onto a nitrocellulose membrane (Millipore, Bedford, MA). The membrane was probed overnight with the anti-G6Pase (ab83690, Abcam), anti-PEPCK (sc-271029, Santa Cruz Biotechnology), or anti-ATF4 antibody (ab1371, Abcam), and then was visualized using horseradish peroxidaseconjugated secondary antibodies. ␤-Actin was taken as a loading control. Immunopositive bands were detected and quantified using the FluorChem M system (Proteinsimple, San Jose, CA).
Bioinformatics prediction and luciferase reporter assay
The potential miR-22-and miR-214 -binding sites of Gm10768 were predicted by RNA hybrid (32) . To confirm the physical interaction between Gm10768 and its target miRNAs, two putative miRNA-binding sites were synthesized and cloned into the NotI and XhoI sites of psiCHECK-2 vector (Promega, Madison, WI). A non-functional mutant was generated in parallel to disrupt the complementary base-pairing. To evaluate the functions of Gm10768 and miR-214 in regulating Atf expression, the 3Ј-UTR region of mouse Atf4 cDNA containing 14 putative target sites for miR-214 was synthesized and was inserted between NotI and XhoI restriction enzyme cutting sites, immediately downstream of the luciferase gene in the psi-CHECK-2 vector. Also, a mutant version of these sites was generated. All WT and mutation inserts were confirmed by sequencing. For the luciferase reporter assays, HEK293T cells (ATCC) were seeded into 24-well plates in triplicate and transfected with miR-214 mimics or control mimics, together with plasmids encoding Gm10768 and Atf4 3Ј UTR region, or their respective mutations for 48 h. Relative luciferase activities (ratios of Renilla luciferase signal normalized to firefly luciferase) were determined 48 h after transfection. Equal amounts of DNA and mimics or adenoviruses were used for all the experiments by adding appropriate vectors. All the luciferase reporter experiments were performed in triplicate.
Statistical analysis
All data are presented as mean Ϯ S.D. and analyzed by unpaired Student's t tests or one-way ANOVA analysis when indicated. Statistical analyses were performed using the IBM SPSS 20 software (IBM, Armonk, NY). p values less than 0.05 were considered to be statistically significant.
